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Wormbholes are hypothetical topologically-non-trivial structures of the spacetime. From the the- 
oretical point of view, the possibility of their existence is challenging but cannot be ruled out. This 
article is a compact and non-exhaustive review of past and current efforts to search for astrophysical 


wormholes in the Universe. 


I. INTRODUCTION 


Wormholes are hypothetical spacetime structures with 
non-trivial topology capable of connecting either two dis- 
tant regions of the same universe or two different uni- 
verses, as illustrated in Fig. 1. The entrances of a worm- 
hole are called the “mouths” of the wormhole and the 
spacetime region connecting the mouths is called the 
“throat” of the wormhole. The simplest wormhole config- 
uration has two mouths connected by a throat, but more 
complex structures are also possible [1]. Strictly speak- 
ing, wormholes are not a prediction of general relativity 
or of other theories of gravity. They are spacetime struc- 
tures that can potentially exist in curved spacetimes, so 
in a very wide class of gravity models. Formation mecha- 
nisms and stability of these spacetime structures depend 
on the specific gravity theory and often present prob- 
lems, so the existence of wormholes in the Universe is 
challenging. However, they cannot be ruled out. 

The first wormhole solution was proposed by Ein- 
stein and Rosen in 1935 and is known as the Einstein- 
Rosen bridge [2]. Misner and Wheeler coined the term 
“wormhole” in Ref. [3]. Among the wormhole solu- 
tions, “traversable wormholes” are of particular interest: 
they can be crossed in both directions and they could 
thus be potential shortcuts for interstellar or intergalac- 
tic trips to move from one region to another region of 
the Universe that would be unfeasible to reach within 
human timescales without exceeding the speed of light. 
Traversable wormholes were discovered in 1973 by Bron- 
nikov [4] and, independently, Ellis [5], but they became 
popular after the papers by Morris and Thorne [6, 7] and 
Visser [8]. In general relativity, traversable wormholes 
require exotic matter to keep the mouths open (see, how- 
ever, Ref. [9]). In the absence of exotic matter, the worm- 
hole throat collapses and the mouths close [6-8]. The 
initial wormhole may become a normal black hole [10]. 
However, in other theories of gravity wormholes may ex- 
ist even without exotic matter or without matter at all; 
see, for instance, Refs. [11-14]. 

Since we do not know if general relativity is the cor- 
rect theory of gravity, nor if exotic matter can exist in the 
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Universe, wormholes, and traversable wormholes in par- 
ticular, are an exotic but fascinating idea. Astrophysical 
observations can look for wormholes in the Universe and 
in the past three decades there have been a number of 
proposals to search for evidence of the existence of these 
objects. The past 5 years have seen significant advance- 
ments of our observational facilities [15, 16], which has 
further encouraged the study of observational methods 
to test the existence of wormholes in the Universe. 

The aim of this article is to review motivations and 
efforts to search for astrophysical wormholes in the Uni- 
verse. Even if we will simply call them wormholes, we will 
only consider macroscopic traversable wormholes. The 
content of the manuscript is as follows. In Section II, 
we discuss possible formation mechanisms and stability 
of traversable wormholes. In Section III, we list current 
attempts to find observational evidence of the existence 
of these spacetime structures. Summary and conclusions 
are in Section IV. 


II. FORMATION AND STABILITY 


The possibility of the existence of wormholes in the 
Universe requires that there are astrophysical mecha- 
nisms capable of creating these structures and that, once 
created, wormholes are stable or at least their lifetime 
is long enough to permit their detection. In classical 
general relativity, the existence of mechanisms to create 
traversable wormholes is challenged by some topological 
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FIG. 1. If we visualize our 3D space as a 2D surface, a worm- 
hole can be represented as a cylindrical surface connecting 
two regions in the same universe or two different universes. 
The entrances are the mouths of the wormhole. The mouths 
are connected by the throat of the wormhole. 


censorship theorems [17, 18], but quantum effects can 
circumvent these theorems [19-21]. 

The first wormhole solution was originally constructed 
by Einstein and Rosen in [2]. If we start from the static 
black hole metric in the Schwarzschild form 
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and apply a simple coordinate transformation, u? = r — 
2GM, we find 
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This metric contains two asymptotically flat spacetimes, 
u > 0 and u < 0, which are connected at u = 0. Since 
u = 0 is just the r = 2GM hypersurface, this construct 
represents two disconnected spacetimes which share one 
horizon. Its Penrose diagram is shown in Fig. 2. Such 
a wormhole is non-traversable since it contains an event 
horizon, but it is not difficult to construct a traversable 
one by cutting the Schwarzschild space at r > 2GM and 
pasting the two copies together, as we will do in Sec- 
tion III B. In this representation, the wormhole connects 
two different universes, and as such it does not allow 
for shortcuts connecting separate points in the same uni- 
verse. 

To circumvent this last feature, these two universes 
are sometimes artificially connected at infinity, to make 
the whole construct looks as if it were one single uni- 
verse. Since the geometry is static, one can argue that 
two distant points are in causal contact since the sig- 
nal has infinite time to travel between them (outside the 
wormhole). However, since the two black holes are still 
infinitely far away, they cannot have any useful commu- 
nication or interaction outside the wormhole. This might 
not be a serious problem; however it renders this solution 
useless when such interaction is needed, for example, as 
in the ER=EPR conjecture [22]. 

Usually, wormhole mouths located in two disconnected 
regions are connected by an elongated throat. The shape 
of the throat is given by a profile function. Since gravity 
is always attractive for positive mass distributions, the 
throat will almost always be unstable to small pertur- 
bations and collapse under its own gravity. To stabilize 
the wormhole, we need a negative energy distribution or 
some other elaborate construct which will provide repul- 
sive force and keep the throat from collapsing. Since we 
still do not know how to create or accumulate macro- 
scopic amounts of negative energy, it is currently not 
clear how we could produce a stable wormhole. However, 
one of the obvious ways to minimize the amount of exotic 
matter is to have an ultra-short throat. In addition, it 
was argued in [23] that an arbitrarily thin layer of neg- 
ative energy density is sufficient to keep a macroscopic 
wormhole stable. 

So what is a possible mechanism for wormhole for- 
mation? As mentioned in the introduction, one obvious 


source is the quantum gravity phase of the very early Uni- 
verse. In early Universe we expect wild fluctuations in 
geometry and topology of spacetime to be very common. 
In addition, quantum effects can easily provide negative 
energy density which is necessary to stabilize a worm- 
hole. Such configurations will be microscopic, but the 
expansion of the Universe (in particular inflation) might 
make them macroscopic and thus potentially observable 
[24]. A similar mechanism has been already argued in 
the context of the superstring theory, where small funda- 
mental superstrings get stretched by inflation to render 
astrophysically large “cosmic superstrings” [25]. 

A simple method for macroscopic wormhole creation 
was described in [26]. There are many models in litera- 
ture in which our universe is a 3+1-dimensional sub-space 
(or brane) embedded in a higher dimensional space [27— 
29]. Such a brane does not have to be straight, and can 
bend, twist even cross itself. Therefore, some of the space 
points may be far apart along brane but very close in the 
bulk. A space which is folded, can potentially support 
a shortcut between two distant points. Alliteratively, a 
wormhole can connect two disconnected parallel branes. 
Locally, these two situations do not differ since for the 
local physics it is not crucial to consider how these two 
branes connect in the distance. If we place two mas- 
sive objects (e.g. black holes) in two different universes 
modeled by two parallel 3 + 1-dimensional branes, the 
exact configuration will be fully determined by the com- 
petition between two effects - the standard gravitational 
attraction tries to make these two objects touch, while 
the brane tension provides repulsion and tries to prevent 
this. As a result, the branes cannot stay parallel, and are 
bent. If gravitational interaction is strong enough, the 
brane tension will not be sufficient to keep the objects 
apart, and they will touch. When these two branes get 
connected, the whole structure resembles a wormhole. It 
was shown in [26] that the parameter space that allows for 
wormhole creation is not restrictive at all. More massive 
and compact objects are more likely to fulfill the con- 
ditions for such wormhole-like formation, which implies 
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FIG. 2. Penrose diagram of the non-traversable Einstein- 
Rosen wormhole. The wormhole throat, which is a horizon, 
is represented by the two dashed lines: every point on the 
wormhole throat corresponds to the two points at the same 
height on the two dashed lines. 


that we should be looking for realistic wormholes either 
in the background of black holes and compact stars, or 
massive microscopic relics. In this construct, the role 
of negative energy density which provides repulsion that 
counteracts gravity is played by the brane tension. Thus 
we do not need extra source of negative energy density 
to support gravity. However, this still does not guaranty 
stability of the whole construct. It could happen that a 
very long wormhole throat breaks into smaller pieces in 
order to minimize its energy. 

Another way to balance gravity is to place a wormhole 
in a de Sitter background. In [30] a wormhole solution 
was constructed by placing two black holes at the an- 
tipodes of the closed de Sitter space. The gravitational 
action of the cosmological constant provides the repul- 
sive force and counteracts attractive gravity between the 
black holes, and makes the whole configuration static. 


II. SEARCH FOR ASTROPHYSICAL 
WORMHOLES 


Most wormholes studied in the literature are black hole 
mimickers. In such a case, we can employ electromag- 
netic [31] and gravitational wave techniques [32] that 
have been proposed to test the nature of astrophysical 
black holes. These methods normally test the spacetime 
metric around the source, whether it is the Kerr solu- 
tion of uncharged black holes in general relativity or an- 
other metric, and are not designed to distinguish generic 
black holes from generic wormholes. However, there are 
also some methods to distinguish generic black holes from 
generic wormholes, which are based on the idea that we 
can somehow observe bodies in the spacetime region on 
the other side of the wormhole throat. Note also that 
some wormholes are not black hole mimickers; for exam- 
ple, they may not have a (effective positive) mass and 
therefore they cannot have orbiting or accreting material 
around them. However, these wormholes can still have an 
impact on the motion of passing particles (e.g., deflection 
of light in micro-lensing events). 


A. Gravitational lensing 


The idea to look for astrophysical wormholes by search- 
ing for specific micro-lensing events was historically the 
first strategy to try seriously to find evidence for the ex- 
istence, or at least to constrain the abundance, of worm- 
holes [33, 34]. Fig. 3 shows the evolution of the intensity 
of a background source at the passage of certain worm- 
holes with effective negative mass (left panel) and of nor- 
mal compact objects (right panel). In Ref. [35], it is 
shown that certain wormholes can produce micro-lensing 
events that can resemble certain gamma-ray bursts and, 
using BATSE data, the authors infer an upper limit to 
the mass density of wormhole-like objects in the Universe. 


The gravitational lensing of a number of wormhole so- 
lutions has been studied; see, e.g., Refs. [36-51]. Ob- 
servational bounds on the possible abundance of these 
structures are reported in Refs. [52-55]. Fig. 4 shows the 
observational bounds from the Sloan Digital Sky Survey 
Quasar Lens Search on the number density of Ellis worm- 
holes as a function of the throat radius a as inferred in 
Ref. [55]. 

We note that exotic structures like wormholes may 
even cause demagnification (instead of magnification) of 
background sources [56], and such a phenomenon can be 
used to search and constrain some kinds of wormholes 
(and other exotic objects) in gravitational lensing sur- 
veys. There are also attempts to search for wormholes by 
the studying the shear [57] and the light time delay [58] 
of gravitational lensing events. 


B. Orbiting stars 


If a traversable wormhole smoothly connects two differ- 
ent spacetimes, then fluxes (including gravitational flux) 
cannot be separately conserved in any of these spaces 
individually. Then objects propagating in a vicinity of 
a wormhole in one space must feel influence of objects 
propagating in the other space. This leaves us with very 
interesting possibility of observing a wormhole by study- 
ing the orbits of stars on our side of a potential wormhole. 

To model a traversable wormhole harbored by a mas- 
sive compact object, we cut the Schwarzschild spacetime 
at the radius R which is slightly larger than the gravi- 
tational radius, ie. R > rọ = 2GM. We take another 
identical spacetime and paste them together. Our global 
construct is thus two copies of the Schwarzschild space- 
time connected through a mouth of radius R. Its Pen- 
rose diagram is shown in Fig. 5. Some exotic matter with 
negative energy density is needed to keep the wormhole 
stable; however, in the short throat approximation that 
we use, we assume that the effects of this exotic matter 
are subdominant. We now place a perturber on the other 
side of the wormhole and a test object (or an observer) on 
our side. By deriving the gravitational perturbations on 
this background, we can show [59, 60] that an observer on 
our side will feel an additional (anomalous) acceleration 
due to perturbations sourced on the other side 
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where u is the mass of the perturber on the other side, 
A is the radial location of the perturber, and r is the 
radial distance from the center of the wormhole on our 
side. If all we had was just this monopole contribution, 
it would be very difficult to extract an observable ef- 
fect, since this additional acceleration would just simply 
add to the acceleration due to the central object. We 
therefore consider an elliptic orbit of a perturber, i.e. an 
object orbiting on the other side of the wormhole with 
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FIG. 3. Evolution of the intensity of a background source at the passage of a wormhole with effective negative mass (left panel) 
and a normal compact object (right panel). Different curves correspond to different values of the impact parameters (from the 
smallest value of the impact parameter producing larger effects to the largest value of the impact parameter producing less 
pronounced modulation of the intensity of the source: green-orange-red-magenta-violet-blue-green-orange-red). Figure from 


Ref. [34]. 
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FIG. 4. Upper bounds at the 68% and 95% confidence levels 
on the number density of Ellis wormholes in the Universe 
from the Sloan Digital Sky Survey Quasar Lens Search. The 
horizontal axis is for the throat radius a (in units pc/h, where 
h is the scaling factor for the present-day Hubble expansion 
rate). Figure from Ref. [55]. 


the periapsis radius rp, and apoapsis radius rg. An ellip- 
tic orbit cannot be represented with only one monopole, 
and can be viewed instead as a sequence of monopoles. 
We estimate the magnitude of the acceleration variation 
by using two monopoles, one for a pericenter, rp, and 
another for an apocenter, ra, as 
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If the orbit of an object on the other side of the worm- 
hole’s is elongated so that ra >> rp, then we can approx- 
imate the magnitude as 


=z (5) 


Future time-like infinity 


Wormhole throat 


Future null infinity Future null infinity 


Spatial 
infinity 


Spatial 
infinity 


Universe II 


Universe I 


Past null infinity Past null infinity 


Past time-like infinity 


FIG. 5. Penrose diagram of the traversable wormhole dis- 
cussed in Section II] B. The wormhole throat is the horizontal 
dashed line and connects the two universes. 


Note that what we calculate in our Eq. (5) is the mag- 
nitude of acceleration variation of an object in our space 
due to an elliptic orbit of a perturber on the other side 
perturbing the metric. These variations come on top of 
the constant acceleration that comes from the central ob- 
ject. With good enough precision, we should be able to 
detect or exclude this variable anomalous acceleration. 
Of course, these variations can possibly be produced by 
some other dim sources on our side. Then, more care- 
ful modeling would be required to distinguish between 
different options. 

We can then apply Eq. (5) to a concrete example - the 
star S2 orbiting the center of our Galaxy Sgr A*. We 
believe that Sgr A* contains a supermassive black hole 
with M = 4 x 10ĉ6Mọo. The star S2, which orbits Sgr 
A* has a mass of 14Mọ, with an orbital period of 15.9 
years, and a semi-major axis of 1031.69 AU. So far we 
measured the total acceleration of the star S2 in orbit to 
be 1.5m/s?, which mainly comes from the supermassive 
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FIG. 6. We plot the constraints on the mass p (y-axis) and the 
periapsis radius rp (x-axis) of a hypothetical star that orbits 
Sgr A* on the other side and perturbs the orbit of the S2 
star on our side. The solid, doted, and dashed lines represent 
the constraints with acceleration precision of the star S2 of 
4x 107~*m/s?, 2x 107°m/s”, and 107 °m/s” respectively. The 
regions above the lines rule out a wormhole explanation. The 
x-axis has units of r = 2GM. The y-axis has units of the 
solar mass Mo. The bottom line probes the most reasonable 
parameter space - a few solar masses star orbiting around Sgr 
A* at the distance of a few gravitational radii. 


black hole. This acceleration has been measured with 
the precision of 4 x 10~4m/s?. Within a decade this can 
be improved to 10~°m/s?. As Fig. 6 shows, with this 
precision one can exclude the most generic situation - a 
few solar masses star orbiting around Sgr A* on the other 
side of the wormhole at the distance of a few gravitational 
radii. If we do not notice any detectable imprint on the 
orbit of the $2 star with this precision, a wormhole inter- 
pretation of Sgr A* will perhaps be eliminated. To test 
the wormhole hypothesis, one would need to exclude all 
the other more conservative explanations, like perturbers 
on our side or higher order relativistic effects [61]. 

The most direct way to observe the effect of the anoma- 
lous acceleration is to look for deviations of the object’s 
orbit from the expected, unperturbed Keplerian or gen- 
eral relativistic result. In particular, we can look for ad- 
ditional periodic variations in the orbital velocities of ob- 
jects on our side. A detailed analysis of this effect was 
performed in [62]. To estimate the change in the orbital 
velocity caused by Aa given in Eq. (3) we can assume, for 
simplicity, that the additional acceleration occurs once 
every orbital period T’ of the perturber (i.e., when it is 
near its periapsis). 

We consider systems where the duration of the addi- 
tional acceleration Aa (i.e., the time the perturber is near 
its periapsis) is much shorter than the orbital period of 
the perturbed star on our side of the wormhole, T, so we 
treat the effect of the perturber on the object we observe 
as impulsive. After modeling and removing the unper- 
turbed orbital behavior of the Doppler velocity of our 
observed object, if an additional cyclic variation of some 


period T’ < T is not readily apparent, the best strategy 
to search for such a result is to cut the sequence of veloc- 
ity residuals into segments of some duration T’. Then 
stack and average the sequences. In this way one could 
detect a cyclic variation in Doppler velocity of period T’ 
as the noise in the resulting measurements is reduced by 
\/T/T’, where T is the duration of the observing pro- 
gram. Comparing the measurement error with variation 
coming from an anomalous acceleration, we can get an 
upper mass limit on the perturber as 
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where raug is the average distance of the observed object, 
on our side, from the wormhole (i.e., the semi-major axis 
of the object’s orbit), f = rp/ra, while o, is the mea- 
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For the generic values of the parameters we can see 
that a better limit could be set from observations of a 
star in orbit around a stellar-mass black hole, instead 
of the supermassive black hole as Sgr A*. The clean- 
est systems would be those with no mass transfer, which 
would avoid dynamical changes not caused by a perturber 
on the other side of the wormhole. For example, for 
10Mọ black hole, stellar orbit of radius ~ 10°r,, and 
individual Doppler velocity measurements for the star 
with o, ~ 6 km/s, the perturber mass limit for this case 
could be ~4 orders of magnitude lower than obtained 
from observations of S2 for r = 1 year. 

Observations of a pulsar orbiting a black hole have 
the potential to set even better limits, given the greater 
observational precision attainable. Black hole-pulsar bi- 
naries have been argued to provide remarkable tests of 
quantum gravity [63-69] on top of their proven record 
in testing Einstein’s general relativity in the case of the 
Hulse-Taylor binary pulsar PSR 1913+16 [70]. 

The precision on measured parameters for a pulsar is 
determined by the precision on pulse “times of arrival” 
(TOA) measurements, which can be as low as oroa ~ 
0.lus. For a pulsar in an orbit around Sgr A* which is 
similar to that of S2, a mass limit for the perturber could 
be ~ 4 orders of magnitude lower than for observations 
of $2. Still better results could be obtained for pulsars in 
close orbits around stellar-mass black holes. Consider the 
“nominal” case of a pulsar in orbit around a 10Mọ black 
hole where rayg © 2 x 10° m, the semi-major axis for the 
Hulse-Taylor pulsar. For observations over T = 1 year, 
and oy, ~1 m/s we obtain a limit on the perturber mass 
more than ~ 6 orders of magnitude better than for a 
pulsar orbiting Sgr A* (see Ref. [62]). 


C. Imaging 


Efforts for imaging supermassive black holes and ob- 
serving the so-called black hole “shadow” started more 


than 20 years ago [71]. The boundary of the shadow of 
a black hole corresponds to the photon capture sphere 
as seen by a distant observer and its analysis can thus 
constrain the spacetime geometry around the compact 
object [72]. The possibility of testing the nature of su- 
permassive black holes from the study of their shadow 
has become quite a hot topic after the release of the im- 
age of the object at the center of the galaxy M87 by the 
Event Horizon Telescope Collaboration [16]. 

Most wormhole spacetimes have a photon capture 
sphere outside of their mouths. If a wormhole is sur- 
rounded by some optically thin emitting gas, a distant ob- 
server can thus see the shadow of the wormhole. The first 
study on a wormhole shadow was reported in Ref. [73], 
where it was pointed out that the size of the shadow of a 
wormhole can be quite different from that of a black hole 
because of the very different light bending, see Fig. 7. 
This is different from the case of black holes of different 
gravity theories that normally have quite similar shadows 
and it is thus very challenging to test different black hole 
solutions [74]. The reason can be understood as follows. 
Traversable wormholes do not have a horizon because the 
gravitational field around these objects is weaker than the 
gravitational field around black holes, so we can expect 
that even their photon capture sphere and shadow are 
normally smaller than those of black holes. The worm- 
hole solution of Ref. [73] can already be ruled out by the 
current image of the object at the center of the galaxy 
M87 [16]. 

A number of studies on the shadows of wormholes are 
now present in the literature [75-82]. Every wormhole 
type has its own shadow. In the case of spherically sym- 
metric wormholes, the boundary of the shadow is a cir- 
cle and the wormhole scenario can only be tested if the 
shadow size is very different from that expected for black 
holes (or if we have independent estimate of the spin 
and the inclination angle of the source); indeed even the 
shadow of a Schwarzschild black hole and the shadow of 
a Kerr black hole observed along its spin axis are circles. 
In the case of axisymmetric wormholes, the boundary of 
the shadow is a “deformed” circle and, depending on the 
specific model, may be tested if we are not observing the 
source along its axis of symmetry. 

A test similar to the analysis of the shadow is rep- 
resented by the possibility of imaging a blob of plasma 
orbiting a supermassive object [83]: even in this case, 
the apparent image of the blob of plasma would be quite 
different because of the difference in the light bending of 
wormhole and black hole spacetimes. 

An alternative test, which is based on the intrinsic 
properties of traversable wormholes rather than their 
model-dependent spacetime metric, is represented by the 
possibility of detecting radiation emitted from the other 
side of the wormhole [84, 85]. Such a test would have 
really the power to distinguish a wormhole from a black 
hole, even if the opposite would not be true. Note, how- 
ever, that current imaging techniques are at mm wave- 
length, so we cannot observe the optical image of a star 


on the other side of the throat of the wormhole. 


D. Accretion disk spectra 


The analysis of the properties of the radiation emitted 
from the inner part of the accretion disk around a com- 
pact object can be a powerful tool to probe the geometry 
in the strong gravity region and thus test the nature of 
the source [31]. The best systems for these tests are those 
with a geometrically thin and optically thick accretion 
disks, which requires that the accreting material has a 
large angular momentum and that the Eddington-scaled 
mass accretion rate of the source is around 10%. 

The system is illustrated in Fig. 8. The compact ob- 
ject is represented by the black circle and can be either 
a wormhole or a black hole. The standard framework 
for the description of geometrically thin and optically 
thick accretion disks is the Novikov-Thorne model [86- 
88], which only requires that the spacetime is stationary, 
axisymmetric, and asymptotically flat. From the conser- 
vation of mass, energy, and angular momentum, we can 
infer the radial structure of the disk. Every point on the 
disk is in local thermal equilibrium and has a blackbody- 
like spectrum. The whole disk has a multi-temperature 
blackbody spectrum. The temperature of the inner part 
of the accretion disk roughly scales as M~'/*, so the 
spectrum is peaked in the soft X-ray band (0.1-1 keV) 
for stellar-mass compact objects (M ~ 10 Me) and in 
the UV band (1-100 eV) for supermassive compact ob- 
jects (M ~ 10°-101° Mo). Thermal photons from the 
disk can inverse Compton scatter off free electrons in the 
so-called “corona”, which is some hotter (Te ~ 100 keV) 
electron cloud in the strong gravity region of the com- 
pact object. The corona may be the atmosphere above 
the accretion disk, the accretion flow between the inner 
edge of the disk and the compact object, the base of 
the jet, etc. [90]. More than one corona may coexist at 
the same time. The Comptonized photons have a spec- 
trum that can be approximated by a power-law (with a 
photon index in the range 1-3) with an exponential high- 
energy cutoff (of the order of the coronal temperature). 
A fraction of the Comptonized photons can illuminate 
the accretion disk: Compton scattering and absorption 
followed by fluorescent emission generate the reflection 
component. More details can be found in [90] and refer- 
ences therein. 

In principle, the analysis of the thermal spectrum of 
the disk can be used to constrain the spacetime met- 
ric around a compact object and thus test the wormhole 
scenario. Studies of specific wormhole solutions are pre- 
sented in Refs. [91-94]. However, there are two facts to 
take into account and that limit the use of this technique 
to search for astrophysical wormholes. First, the method 
only works for stellar-mass compact objects. Indeed, for 
the supermassive ones the emission is peaked in the UV, 
where dust absorption strongly limits our capability of 
accurate measurements of the spectrum of the disk. Sec- 


FIG. 7. Simulated image of an optically thin emission region surrounding a Schwarzschild black hole (left panel) and a 
traversable spherically-symmetric wormhole (right panel). The coordinates X and Y are in units of the gravitational radius of 


the system. Figure from Ref. [73]. 
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FIG. 8. A compact object accreting from a geometrically thin 
and optically thick disk. We highlight the multi-temperature 
blackbody spectrum of the disk (red), the Comptonized pho- 
tons (blue), and the reflection spectrum (green). Figure 
adapted from Ref. [89]. 


ond, the thermal spectrum of the disk has a very simple 
shape, with the result that when we analyze real data 
we find a strong parameter degeneracy, which challenges 
the possibility of distinguishing a Kerr black hole from 
another compact object [95]. 

A more powerful method is represented by the analysis 
of the reflection features. The intrinsically narrow iron 
Ka line is particularly suitable to measure the effects 
of relativistic blurring and thus constrain the spacetime 
metric of the source. This is today a mature technique 
that, for specific sources and observations, has shown to 
be able to provide precise and accurate tests of the Kerr 
metric [96, 97]. It can be used to test either stellar mass 
and supermassive objects, as the reflection spectrum does 
not directly depend on the mass of the source. Prelim- 
inary studies with this technique have only considered 
the iron Ka line, limiting the analysis at a qualitative 


level [98, 99]. With the recent developments of reflection 
models suitable for generic stationary and axisymmetric 
spacetimes [100, 101], it is now possible to test wormhole 
scenarios with the state of the art of reflection modeling 
and high-quality data of current X-ray missions [102]. 
As in other cases, here we test the Kerr metric against 
some specific wormhole solution. Some wormholes met- 
ric can already be ruled out, while in other cases the 
reflection spectrum is not sufficiently different from that 
of Kerr black holes to distinguish the two scenarios with 
the available data. 

In the case of traversable wormholes, we might ex- 
pect that some material can flow from one of the mouths 
to the other one, which is not the case for black holes. 
This process could generate y radiation resulting from 
the collision of accretion flows moving to opposite direc- 
tions [103]. The possible detection of such a component 
in the spectrum of a source would be a specific signature 
of the presence of a throat, and thus a model-independent 
test to distinguish wormholes from black holes. It re- 
quires a good knowledge of the high-energy spectrum of 
a source, but it is doable. 


E. Gravitational waves 


Gravitational wave tests represent a complementary 
approach to search for astrophysical wormholes in the 
sky. Unlike electromagnetic tests, which only depend the 
spacetime metric (assuming that all particles follow the 
geodesics of the spacetime), gravitational wave tests re- 
quire to calculate the gravitational wave signal from the 
field equations of the theory, so it is necessary to specify 
the theoretical framework. Alternatively, we can make 
the assumption that the emission of gravitational waves 
in a coalescing binary system can be described well by 
the Einstein Equations, and in such a case we can try 
to test the wormhole metric of gravity models beyond 
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FIG. 9. Temporal evolution of the strain, the black hole 
separation, and the black hole relative velocity in the event 
GW150914. From Ref. [15] under the terms of the Creative 
Commons Attribution 3.0 License. 


general relativity. 

The LIGO and Virgo experiments have now reached 
the sensitivity to detect one coalescence of two stellar- 
mass compact objects every few days. The system is 
shown in Fig. 9. The event is characterized by three dif- 
ferent stages: inspiral, merger, and ring-down. In the 
inspiral phase, the two bodies orbit around a common 
center of mass, the system loses energy and angular mo- 
mentum through the emission of gravitational waves, so 
the separation between the two bodies decreases and the 
relative velocity and the orbital frequencies increase. The 
inspiral phase is followed by the merger, when we have 
the formation of one object. After that, there is the ring- 
down phase: the newly born object emits gravitational 
waves to settle down to an equilibrium configuration. 

During the inspiral phase, the two objects are rela- 
tively far each other, with the exception of the time be- 
fore the merger, which may be too short to make accu- 
rate and precise measurements of the spacetime geome- 
try. As a result, it is challenging to test the geometry of 
the spacetime around the sources. Better measurements 
are possible if the mass difference between the two object 
is significant, and this is the case discussed in Ref. [104], 
where the authors consider a 5 Mo black hole orbiting a 
200 Mo wormhole. A similar unequal-mass system has 
not yet been observed by the LIGO/Virgo Collaboration, 
but it could be observed in the future. Better chances will 
be possible with space-based gravitational wave antennas 
(after 2030) as it is one of their main targets the obser- 


vation of gravitational waves from stellar-mass compact 
objects orbiting ~ 10° Mo compact objects. Wormholes 
can also have very different tidal properties and, if very 
compact, may even give rise to intermittent bursts fol- 
lowing ring-down; see, e.g., [105] and references therein. 

The merger phase is potentially quite informative 
about the nature of the compact object and the grav- 
ity theory, but it is too short for accurate and precise 
measurements of the signal and accurate theoretical pre- 
dictions are still challenging. 

In the end, it seems that the ring-down phase, and es- 
pecially the late-time ring-down phase, is the most suit- 
able to test fundamental physics [106]. During the ring- 
down, the newly born object emits gravitational waves to 
settle down to an equilibrium configuration. The emis- 
sion is characterized by the so-called quasi-normal modes 
(QNMs), which are characteristic of the nature of the fi- 
nal product of the coalescence. QNMs of different worm- 
hole solutions have thus been calculated as a tool for 
testing specific wormhole models with gravitational wave 
data [107-113]. The current gravitational wave data can- 
not test these models, because it is necessary to have pre- 
cise and accurate measurements of at least two QNMs, 
but this can be achieved in the near future. 


IV. CONCLUDING REMARKS 


The existence of traversable wormholes in the Universe 
is an exotic but fascinating hypothesis that cannot be 
ruled out at the moment. They might represent our only 
possibility for interstellar and intergalactic trips in a far 
future. Most wormhole solutions are black hole mimick- 
ers and the remarkable progress in the past few years in 
our capabilities of probing the strong gravity region of 
black holes has encouraged new studies to check whether 
astrophysical black holes, or at least some of them, are 
actually the mouths of wormholes towards faraway re- 
gions or even other universes. In this review articles, we 
have tried to summarize the state of the art in the search 
for wormholes in the Universe. Unfortunately, it has not 
been possible to cite and discuss all contributions in the 
field. However, we hope that this review can serve as a 
good starting point for the interested reader to explore 
this fascinating line of research. 
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